1. Introduction {#sec1-molecules-24-02480}
===============

Plants have been the main source of traditional medicine systems over millennia and are still of great importance in healthcare today \[[@B1-molecules-24-02480],[@B2-molecules-24-02480]\]. The demand for pharmaceuticals based on natural sources has even increased in recent times \[[@B3-molecules-24-02480],[@B4-molecules-24-02480]\]. In Europe, herbal substances, preparations, and combinations are assessed and regulated by the Committee on Herbal Medicinal Products (HMPC), which is part of the European Medicines Agency (EMA), and the European Pharmacopoeia (Ph. Eur.) \[[@B5-molecules-24-02480],[@B6-molecules-24-02480]\]. Nevertheless, chemically complex plant-based preparations are in constant competition with chemically defined products. Therefore, quality assurance and analytics of these so-called "phytopharmaceuticals" is a big challenge for the manufacturers. Besides the incoming goods, inspection and extraction control of medicinal plants play an important role in the yield and purity of the product \[[@B7-molecules-24-02480]\]. Furthermore, resource and cost efficiency can be increased by extraction optimization. Near-infrared (NIR) spectroscopy and Raman spectroscopy represent attractive analysis techniques for the research demand regarding the at-line, on-line, or in-line analysis of phytoextraction processes \[[@B3-molecules-24-02480],[@B8-molecules-24-02480],[@B9-molecules-24-02480],[@B10-molecules-24-02480],[@B11-molecules-24-02480],[@B12-molecules-24-02480],[@B13-molecules-24-02480],[@B14-molecules-24-02480]\]. In contrast to common off-line reference analyses, NIR spectroscopic process monitoring as process analytical technology (PAT) has convincing advantages since its operation is non-destructive, contact-free, pollution-free, does not require any additional solvents, saves energy, and is highly cost-effective. The recorded NIR spectra include multiple physical and chemical parameters which can be determined simultaneously. The use of optical light fibers facilitates a distance of up to several hundred meters between the measurement probe and the analyzer. Furthermore, NIR spectroscopy fulfills the requirements of fast real-time process control. Nevertheless, the development of a NIR spectroscopic analysis method is time- and resource-consuming and has to be undertaken by experienced professionals \[[@B15-molecules-24-02480]\]. As for reference analytics, the quantification of the total phenolic compound is specified by the European Pharmacopoeia. The antioxidant properties of certain phytogenic substances are attributed to the presence of phenol terpens in rosemary \[[@B16-molecules-24-02480]\]. The analysis described in the European Pharmacopoeia is principally for the analysis of cinnamic acid derivatives. The assay is complicated and another wet chemical assay (Folin--Ciocalteu) has to be executed to verify the results. The Folin--Ciocalteu analysis is not that specific but is more reproducible. However, HPLC analysis is currently the method of choice. It is state-of-the-art, since the analyses can be measured without any major work-up and the measurement can be automated, in contrast to the wet-chemical investigations \[[@B17-molecules-24-02480]\]. In order to meet the requirements of the EMA and still be up to date, all three analyses were carried out, calibrated into the system, and checked for reproducibility, traceability and comparability. Thus, a holistic view of the system and the determination of the saturation of the extraction could be determined. The present feasibility study reports the monitoring of the phytoextraction process of *Rosmarinus officinalis* L. leaves using common analytical methods as well as newly developed NIR spectroscopic methods applying partial least squares regression (PLSR) models as multivariate data analysis (MVA) tools. This analysis was used as the basis for an online fixation of NIR measurements in phytochemical extractions.

2. Results and Discussion {#sec2-molecules-24-02480}
=========================

2.1. Wet Chemical Assays (European Pharmacopoeia and Folin--Ciocalteu) {#sec2dot1-molecules-24-02480}
----------------------------------------------------------------------

The wet chemical assays for the determination of total hydroxycinnamic derivatives (THCD) according to Ph. Eur. and gallic acid equivalents (GAE%) referred to as Folin--Ciocalteu (FC) have similar reaction mechanisms. The chemical background is very complex and not yet fully understood. Both wet chemical assays are based on the reduction of a mixture composed of tungsten and molybdenum oxides \[[@B18-molecules-24-02480]\]. In the fully oxidized valence state the isopolyphosphotungstates are colorless and the molybdenum compounds are yellow. The reagent mixture consists of heteropolyphosphotungstates-molybdates. In an acidic solution a hydrated octahedral complex of metal oxides, which is coordinated around a central phosphate, appears. Due to the reversible reduction of one or two electrons the color of the solution changes. In the case of the Ph. Eur. assay the solution turns red and in the case of the FC assay it turns blue \[[@B19-molecules-24-02480]\]. The more intense the color the higher the concentration of the phenolic compounds is in the samples.

The Ph. Eur. assay, which can be assigned to the THCD, is more substance-specific than the FC assay. This is based on the different chemicals which are added for the assays. FC targets hydroxy groups, whereas the Ph. Eur. assay targets carboxyl groups which are not as common as hydroxy groups in the chemistry of natural products \[[@B20-molecules-24-02480]\]. In the present study both assays were applied for monitoring the extraction process of Rosmarini folium. Correlation analyses of the two assays revealed a Pearson correlation of 0.966 ([Table 1](#molecules-24-02480-t001){ref-type="table"}). This means that substances which were assessed by measurement via the Ph. Eur. assay were highly correlated with those measured by the FC assay, and vice versa.

Looking at the results of the precision studies in [Table 2](#molecules-24-02480-t002){ref-type="table"}, the repeatability confirmed the high performance of the Ph. Eur. assay. Nevertheless, determination of the intermediate precision revealed the superiority of GAE% quantification via the FC assay, with a 1.3% relative standard deviation (RSD), compared to THCD quantification via the Ph. Eur. assay with a 4.1% RSD. The easier handling of the FC assay compared to the Ph. Eur. assay could be the reason for the better repeatability of the results on different days.

Both assays were used as reference analyses for the establishment of NIR spectroscopic methods.

2.2. Ultra-High Performance Liquid Chromatography {#sec2dot2-molecules-24-02480}
-------------------------------------------------

Nowadays, automatable methods like UHPLC-UV measurements are more common than wet chemical assays. This is because the sample preparation for UHPLC-UV measurement is often easier than for a wet chemical assay. Furthermore, fewer mistakes and variations in the analyses occur in UHPLC-UV. Also, in the present case, precision studies of the UHPLC-UV measurements of Rosmarini folium extracts obtained good repeatability (0.28% RSD) and excellent intermediate precision (0.55% RSD) for the determination of rosmarinic acid (RA) compared to the wet chemical assays (see [Table 2](#molecules-24-02480-t002){ref-type="table"}). An example of a Rosmarini folium extract chromatogram compared to a RA reference solution, which was used for external calibration, is illustrated in [Figure 1](#molecules-24-02480-f001){ref-type="fig"}. Although the RA quantification showed such good results it is important to note that biological extracts are multi- substance mixtures of secondary metabolites. This is the reason that the Pearson correlations ([Table 1](#molecules-24-02480-t001){ref-type="table"}) between the UHPLC-UV measurements and the wet chemical assays (0.955 and 0.953) were lower than the Pearson correlation between the wet chemical assays (0.966). Nevertheless, a high correlation between all three reference analysis methods was observed. Based on this fact, the reference analytical method of choice for the establishment of a NIR spectroscopic method should either be the UHPLC-UV analysis for the quantification of the single substance, RA, or the FC assay which was the better performing wet chemical assay (see [Section 2.1](#sec2dot1-molecules-24-02480){ref-type="sec"}) representing the plant extract as multi-substance mixture.

2.3. Near-Infrared Spectroscopy {#sec2dot3-molecules-24-02480}
-------------------------------

Raw NIR spectra of all 90 samples are shown in [Figure 2](#molecules-24-02480-f002){ref-type="fig"}a. For the establishment of the PLSR models, uninformative and interfering spectral regions were excluded. Therefore, the best PLSR models were obtained by using the wavenumber region from 6028 to 5424 cm^−1^, which is illustrated in [Figure 2](#molecules-24-02480-f002){ref-type="fig"}b.

The results of the best PLSR models for THCD in mg/kg, GAE% and RA% are given in [Table 3](#molecules-24-02480-t003){ref-type="table"}. The best spectral pretreatment for THCD in mg/kg and GAE% was the first derivative, using 13 smoothing points followed by applying standard normal variate (SNV) transformation to the selected wavenumber region (see [Figure 2](#molecules-24-02480-f002){ref-type="fig"}c). The best spectral pretreatment for the determination of RA% was the second derivative, with 23 smoothing points followed by applying SNV transformation to the selected wavenumber region (see [Figure 2](#molecules-24-02480-f002){ref-type="fig"}d). Predicted versus reference plots, and the regression coefficient plots for the three PLSR models are shown in [Figure 3](#molecules-24-02480-f003){ref-type="fig"}a,b for THCD in mg/kg, [Figure 3](#molecules-24-02480-f003){ref-type="fig"}c,d for GAE%, and [Figure 3](#molecules-24-02480-f003){ref-type="fig"}e,f for RA%.

NIR bands of the wavenumber region used (see [Figure 2](#molecules-24-02480-f002){ref-type="fig"}b) which have an influence on the PLSR model calculations can be considered mainly as aromatic and unsaturated 2νCH. This is due to the diverse, but nevertheless chemically similar, structures of the THCD, the total phenolic content, and the RA content. Therefore, other bands which emerge from overtones or combinations of OH, CC, and CO vibrations can be excluded for the establishment of the PLSR model \[[@B21-molecules-24-02480]\] The criteria for the successful end of the extraction process of Rosmarini folium is to access the extraction plateau. This can be easily achieved by the reference analyses methods (see [Figure 4](#molecules-24-02480-f004){ref-type="fig"}a). However, these need analysis time and manpower, as well as chemicals, and are therefore not suited for real-time at-line monitoring. All three NIR spectroscopic PLSR models also showed satisfactory results for the monitoring of the extraction process of Rosmarini folium. Since the reference analyses were all correlated (see [Table 1](#molecules-24-02480-t001){ref-type="table"}) the application of just one of the PSLR models was required to obtain the desired result. Therefore, it is suggested that the best PLSR model should be applied. The model for GAE% showed the best performance, as indicated by comparing the values for root mean square error of cross validation (RMSECV) or root mean square error of prediction (RMSEP) to the given calibration ranges in [Table 3](#molecules-24-02480-t003){ref-type="table"}. These values were almost in the range of the lower edge of the calibration line for THCD in mg/kg and RA%. For GAE%, the RMSECV or RMSEP were much smaller than the minimum value of the calibration range. Therefore, it is suggested that the PLSR model for GAE% be applied for monitoring the extraction process of Rosmarini folium. [Figure 4](#molecules-24-02480-f004){ref-type="fig"}b illustrates the extraction monitoring using NIR spectroscopy for GAE% prediction via the PLSR model. In direct comparison, [Figure 4](#molecules-24-02480-f004){ref-type="fig"}a shows monitoring via the reference analysis method.

Although the reference method has better intermediate precision with 0.033 GAE%, the PLSR model with a RMSEP of 0.18 GAE% is absolutely satisfactory for monitoring the extraction process of Rosmarini folium. Furthermore, in contrast to the common off-line reference analyses, NIR spectroscopic process monitoring has convincing advantages since its operation is non-destructive, contact-free, pollution-free, does not require any additional solvents, saves energy and is highly cost-effective \[[@B15-molecules-24-02480]\].

3. Materials and Methods {#sec3-molecules-24-02480}
========================

3.1. Chemicals {#sec3dot1-molecules-24-02480}
--------------

Ethanol (99.9%, LiChrosolv for liquid chromatography), acetonitrile (99.9%, LiChrosolv Reag. Ph. Eur., gradient grade for liquid chromatography) were purchased from Merck Millipore (Darmstadt, Germany). Hydrochloric acid (0.5 N), sodium nitrite (\>98%), sodium molybdate dihydrate (\>99.5%) and sodium hydroxide tablets (\>98%) were bought from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Rosmarinic acid (\>99%), Folin--Ciocalteu′s phenol reagent (2N), gallic acid (\>97.5%), formic acid (98--100%, Suprapur for trace analysis) and sodium carbonate anhydrous (\>99.8%) were obtained from Sigma Aldrich Handels GmbH (Vienna, Austria). H~2~O was purified using a Mili-Q^®^ reference water purification system from Merck Millipore. *Rosmarinus officinalis* L. leaves (Rosmarini folium) were collected in the wild at Lake Garda (Italy).

3.2. Extraction and Sampling {#sec3dot2-molecules-24-02480}
----------------------------

Dried *Rosmarinus officinalis* L. leaves were weighed (25 g ± 1 g) and extracted with 500 mL 70% (*v*/*v*) ethanol. The extraction was done in a 500 mL glass vessel with constant stirring using a color squid (IKA, Staufen im Breisgau, Germany). The extraction time lasted a maximum of 12 h. Three different sampling schedules were planned, and each was conducted three times (total: nine batches). For each sampling 1.5 mL were taken. The specimen-taking schedules are presented in [Table 4](#molecules-24-02480-t004){ref-type="table"}. The numbering of the batches was done in following way: \#(sampling). \#(batch). Therefore, the three batches for each sampling schedule were denoted as 1.0, 1.1 and 1.2 or 2.0, 2.1 and 2.2 or 3.0, 3.1 and 3.2 for sampling 1, sampling 2, or sampling 3, respectively.

3.3. Wet Chemical Assays {#sec3dot3-molecules-24-02480}
------------------------

### 3.3.1. European Pharmacopoeia {#sec3dot3dot1-molecules-24-02480}

The THCD of plant extracts were determined according to the procedure reported by the Ph. Eur. \[[@B6-molecules-24-02480]\] with some modifications: 1.0 mL of sample solution was taken to which 2.0 mL of 0.5 M hydrochloric acid, 2 mL of nitrite--molybdate solution (10 g of sodium nitrite and 10 g of sodium molybdate in 100 mL water) and 2 mL of 1 M sodium hydroxide solution were added. The mixture was made up to 10 mL with water. Absorbance was measured with a Jenway Genova Plus Life Science Spectrophotometer (Cole-Parmer, Stone, United Kingdom) at 505 nm and quantification was performed with RA as an external standard calibration. Every extraction sample and calibration sample was prepared in the same way as described above. The repeatability and intermediate precision were determined according to ICH (international council for harmonization of technical requirements for pharmaceuticals for human use) guidelines \[[@B22-molecules-24-02480],[@B23-molecules-24-02480]\]. Therefore, three samples with low, medium, and high THCD content were analyzed for five days, three times per day.

### 3.3.2. Folin--Ciocalteu {#sec3dot3dot2-molecules-24-02480}

The total phenolic content of plant extracts in GAE% was determined using FC reagent according to the procedure reported by Singleton, Orthofer, and Lamuela-Raventos \[[@B24-molecules-24-02480]\] with some modifications. First, 1.5 mL of H~2~O was placed in a macrocuvette (PMMA, Brand, Germany). Next, 100 µL of sample solution, 100 µL of FC′s phenol reagent, and 1.3 mL of Na~2~CO~3~ were added. The mixture was heated to 60 °C for 30 min. After the heating procedure the samples were cooled for 20 min to room temperature. Absorbance was measured with the spectrophotometer at 750 nm. Quantification of the total phenolic content was performed by an external calibration with gallic acid. All extraction samples and calibration samples were prepared in the same way as described above. The repeatability and intermediate precision were determined according to ICH guidelines \[[@B22-molecules-24-02480],[@B23-molecules-24-02480]\]. Therefore, three samples with low, medium, and high GAE% were analyzed for five days, three times per day.

3.4. Ultra-High Performance Liquid Chromatography {#sec3dot4-molecules-24-02480}
-------------------------------------------------

UHPLC analysis of RA was performed with an Agilent 1290 Infinity II LC Systems (Agilent Technologies, Santa Clara, CA, USA) equipped with a binary pump (G7120A), an autosampler (G7167B), a column oven (G7116B), and a DAD (diode array detector) (G7117A). Separation of RA was achieved by using an Agilent ZORBAX Eclipse Plus C18, Rapid Resolution HD 2.1 × 50 mm, 1.8 µm (Agilent Technologies, CA, USA) as the analytical column. The mobile phase was a composition of 0.5% formic acid in water (*v*/*v*, eluent A) and 0.5% formic acid in acetonitrile (*v*/*v*, eluent B). A gradient program was performed using the following steps (min/% eluent B): 0/15, 6/70, 6.1/100, 8/100, 8.1/15, and 10/15. The temperature of the column oven was set to 40 °C and detection of RA was performed at 330 nm. The flowrate was 1 mL/min and the injection volume was 1 µL. Quantification was performed using the external standard method. The repeatability and intermediate precision were determined according to ICH guidelines \[[@B22-molecules-24-02480],[@B23-molecules-24-02480]\]. Therefore, three samples with low, medium and high RA% were analyzed for five days, three times per day.

3.5. Near-Infrared Spectroscopy {#sec3dot5-molecules-24-02480}
-------------------------------

NIR spectra were measured using the NIRFlex N-500 FT-NIR spectrometer (Buchi, Flawil, Switzerland) with the NIRFLex Liquids cell and the cuvette cell add-on. The operating software was NIR Ware 1.4.3010 (Buchi, Flawil, Switzerland). Spectra of the extracts were recorded using precision cells (Hellma GmbH & Co. Kg., Müllheim, Germany) made of Quartz SUPRASIL 300 with a light path of 1 mm at a cell temperature of 35 °C. The spectral resolution was set to 8 cm^−1^ and the measurements were carried out in the wavenumber region from 10,000 to 4000 cm^−1^. Three replicates for each sample were recorded, with 32 scans each. Spectra were averaged to one representative spectrum per sample.

3.6. Multivariate Data Analysis {#sec3dot6-molecules-24-02480}
-------------------------------

MVA was performed using The Unscrambler X Version: 10.5 software (CAMO Software, Oslo, Norway). First, transmittance spectra were transformed to absorbance spectra in order to establish PLSR models. The following spectral pretreatments were applied, alone or in combination, to identify the best PLSR model: baseline correction, SNV transformation \[[@B25-molecules-24-02480]\], multiplicative scatter correction (MSC) \[[@B26-molecules-24-02480]\], and first or second derivative. Savitzky-Golay derivatives \[[@B27-molecules-24-02480]\] (quadratic polynomial) were optimized by variation of the smoothing points. Furthermore, spectral regions which contained no relevant information or even worsened the PLSR models were excluded. The NIPALS algorithm \[[@B26-molecules-24-02480]\] was applied for calculating the PLSR models. For each of the three reference methods (Ph. Eur., FC, and UHPLC) an optimized model was established. The models were validated by full cross validation (CV), also known as leave one out cross validation (LOOCV) \[[@B28-molecules-24-02480]\], and test-set validation (TSV). For TSV, batches 2.0, 2.1, and 2.2 (30 samples) were set as the independent test-set, and batches 1.0, 1.1, 1.2, 3.1, 3.2 and 3.3 (60 samples which included the extreme values) were used as the calibration set. The number of factors was chosen at the suggestion of the software, The Unscrambler X, and examined by expert reviewing. The calculated PLSR models were evaluated with the following parameters: root mean square error of calibration (RMSEC), RMSECV for CV, RMSEP for TSV, coefficient of determination (R^2^), regression coefficients, and the number of factors.

4. Conclusions {#sec4-molecules-24-02480}
==============

A fast analysis of the extraction process for the production of phytopharmaceuticals is indispensable in terms of economic viability and quality assurance. Common analytical methods which can be used for Rosmarini folium extraction monitoring are time- and resource-intensive and do not fulfill the requirement for real-time process control. However, the NIR spectroscopic analysis method provides a fast and non-invasive alternative analysis method, which can subsequently be implemented for on- or in-line process monitoring of the phytoextraction of Rosmarini folium.
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![Chromatograms of (**a**) rosemary extract (red line) in 70% *v*/*v* ethanol (50 g/L) after 3 h continued stirred extraction, and (**b**) rosmarinic acid reference solution (black line), measured at 330 nm.](molecules-24-02480-g001){#molecules-24-02480-f001}

![(**a**) Raw near-infrared (NIR) spectra of all 90 samples; (**b**) section from the raw NIR spectra showing the wavenumber region used for PLSR model calculation; (**c**) first derivate (13 smoothing points) and standard normal variate (SNV)-transformed NIR spectra region used for total hydroxycinnamic derivatives (THCD) in mg/kg and gallic acid equivalents (GAE)% PLSR model calculation; and (**d**) second derivate (23 smoothing points) and SNV-transformed NIR spectra region used for rosmarinic acid (RA)% PLSR model calculation.](molecules-24-02480-g002){#molecules-24-02480-f002}

![Predicted versus reference plots (left column) and regression coefficient plots (right column) for the best test-set validated PLSR models for: (**a**) and (**b**) THCD in mg/kg, (**c**) and (**d**) GAE%, and (**e**) and (**f**) RA%.](molecules-24-02480-g003){#molecules-24-02480-f003}

![Monitoring of the extraction process of Rosmarini folium via (**a**) Folin--Ciocalteu reference analysis and (**b**) NIR spectroscopy.](molecules-24-02480-g004){#molecules-24-02480-f004}

molecules-24-02480-t001_Table 1

###### 

Pearson correlations of the reference analyses.

                 Ph. Eur.   FC      UHPLC
  -------------- ---------- ------- -------
  **Ph. Eur.**   1          \-      \-
  **FC**         0.966      1       \-
  **UHPLC**      0.955      0.953   1

molecules-24-02480-t002_Table 2

###### 

Parameters of the precision studies of the reference analysis.

                                          Ph. Eur.   FC           UHPLC
  --------------------------------------- ---------- ------------ ---------------
  **Repeatability in % RSD**              0.12       1.1          0.28
  **Intermediate precision in % RSD**     4.1        1.3          0.55
  **Repeatability** (absolute)            16 \*      0.028 \*\*   0.0017 \*\*\*
  **Intermediate precision** (absolute)   593 \*     0.033 \*\*   0.0028 \*\*\*

\* THCD mg/kg, \*\* GAE%, \*\*\* RA%

molecules-24-02480-t003_Table 3

###### 

Parameters of the established partial least squares regression PLSR models.

  Reference Analysis                Ph. Eur.         FC                  UHPLC                                     
  --------------------------------- ---------------- ------------------- --------------- ----------- ------------- -------------
  **Samples**                       90               90                  90                                        
  **Outliers**                      0                0                   0                                         
                                    CV               TSV                 CV              TSV         CV            TSV
  **R^2^~calibration~**             0.95             0.95                0.97            0.97        0.94          0.95
  **R^2^~validation~**              0.94             0.94                0.96            0.96        0.94          0.93
  **RMSEC ^(a)^**                   1425 \*          1308 \*             0.14 \*\*       0.13 \*\*   0.11 \*\*\*   0.09 \*\*\*
  **RMSECV ^(b)^ or RMSEP ^(c)^**   1527 \*          1632 \*             0.16 \*\*       0.18 \*\*   0.12 \*\*\*   0.13 \*\*\*
  **Factor**                        3                4                   3               4           4             4
  **Calibration range**             1975--25378 \*   0.494--3.660 \*\*   −1.810 \*\*\*                             

\* THCD mg/kg, \*\* GAE%, \*\*\* RA%, ^(a)^ root mean square error of calibration, ^(b)^ root mean square error of cross validation, ^(c)^ root mean square error of prediction.

molecules-24-02480-t004_Table 4

###### 

Sampling schedule for extraction experiments.

  Sampling 1   Sampling 2   Sampling 3
  ------------ ------------ ------------
  1.5 min      2 min        2.5 min
  3 min        4 min        5 min
  6 min        8 min        10 min
  12 min       16 min       20 min
  24 min       32 min       40 min
  45 min       60 min       50 min
  90 min       120 min      80 min
  180 min      240 min      150 min
  360 min      480 min      300 min
  720 min      660 min      600 min

[^1]: Authors contributed equally to this work.
